Although sperm entry into the oocyte-cumulus complex and subsequent sperm penetration through the cumulus matrix to reach the oocyte zona pellucida are essential for mammalian fertilization, the molecular mechanism remains controversial. Previously, we have shown that mouse sperm lacking SPAM1 are capable of penetrating the cumulus matrix despite a delayed dispersal of cumulus cells. We also have identified another sperm hyaluronidase, HYAL5, as a candidate enzyme involved in sperm penetration through the cumulus. In the present study, we produced HYAL5-deficient mice to uncover the functional roles of HYAL5 and SPAM1 in fertilization. The HYAL5-deficient mice were fully fertile and yielded normal litter sizes. In vitro fertilization assays demonstrated that HYAL5-deficient epididymal sperm is functionally normal. We thus conclude that HYAL5 may be dispensable for fertilization. Comparative analysis among wild-type, HYAL5-deficient, and SPAM1-deficient epididymal sperm revealed that only SPAM1 is probably involved in sperm penetration through the cumulus matrix. Notably, the loss of SPAM1 resulted in a remarkably increased accumulation of sperm on the surface or outer edge of the cumulus. These data suggest that SPAM1 may function in sperm entry into the cumulus and sperm penetration through the cumulus matrix.
INTRODUCTION
The mammalian oocyte-cumulus complex (OCC) is ovulated into the peritoneal or bursal cavity, picked up by the oviductal infundibulum, and transported into the ampulla where fertilization takes place [1, 2] . In rodents, the ovulated OCC contains metaphase II-arrested oocytes surrounded by the zona pellucida (ZP), corona radiata cells, and cumulus cells that are embedded in the extracellular matrix abundant in hyaluronan (hyaluronic acid or hyaluronate), a polymer consisting of a repeating disaccharide unit of N-acetyl-Dglucosamine and D-glucuronic acid [3] . Because fertilization requires sperm to enter the OCC and pass through the cumulus matrix, sperm hyaluronidase is thought to enable acrosomeintact sperm to reach the ZP by hyaluronan hydrolysis [4, 5] .
Mouse epididymal sperm contain at least two hyaluronidases, SPAM1 and HYAL5, glycosylphosphatidylinositol (GPI)-anchored on the plasma and/or acrosomal membranes [4] [5] [6] [7] . SPAM1, which was originally identified as ZP-binding protein PH-20 [8] , is localized on the plasma membrane of acrosome-intact and acrosome-reacted sperm [6] . This hyaluronidase has long been believed to function in both sperm penetration of the cumulus matrix and binding of acrosomereacted sperm to the ZP, known as secondary sperm-ZP binding [1, 4] . Unexpectedly, male mice lacking SPAM1 (Spam1 À/À ) are totally fertile, although epididymal sperm of Spam1 À/À mice show a delayed dispersal of cumulus cells from the OCCs in vitro [6] . No significant difference in binding of sperm to the ZP is also found between the wild-type and Spam1 À/À mice [6] , thus demonstrating that SPAM1 is not essential for fertilization, at least in the mouse.
In 2005, another hyaluronidase, HYAL5, was identified in mouse epididymal sperm [7] . Hyal5 is exclusively expressed in the testis and forms a 160-kbp gene cluster together with Hyal6 (previously known as Hyalp1), Hyal4, and Spam1 on mouse chromosome 6 [7, 9] . HYAL5 is a single-chain protein localized on the plasma and acrosomal membranes of sperm. The HYAL5-enriched, SPAM1-free soluble protein extracts from Spam1 À/À mouse sperm are capable of dispersing cumulus cells from the OCC [6] . Thus, HYAL5 may play a crucial role in sperm penetration of the cumulus matrix, possibly in cooperation with SPAM1 [5, 7] . Despite the possible importance of HYAL5 in fertilization, the HYAL5 function has not yet been characterized well.
In the present study, we produced mutant mice lacking HYAL5 (Hyal5 À/À mice were fully fertile and yielded normal litter sizes, as was the case with Spam1 À/À mice [6] . In vitro fertilization assays demonstrated no significant difference in the functions of epididymal sperm between the wild-type and Hyal5 À/À mice. However, Spam1 À/À sperm were distinguished from Hyal5 À/À sperm by the functional impairments in the entry into the OCC and the passage through the cumulus matrix. Thus, HYAL5 may be dispensable for fertilization, and SPAM1 may play an important role in the sperm accessibility to the oocyte ZP in the mouse.
MATERIALS AND METHODS
All animal experiments were carried out ethically. Experimentation was in accord with the Guide for the Care and Use of Laboratory Animals at University of Tsukuba.
Generation of HYAL5-Deficient Mice
A targeting vector containing an expression cassette of neo flanked by approximately 9-and 1.5-kbp genomic regions of Hyal5 at the 5 0 -and 3 0 -ends, respectively, was constructed as described previously [10] . For negative selection, the MC1 promoter-driven herpes simplex virus thymidine kinase gene (tk) was inserted at the 3 0 -end of the 1.5-kbp Hyal5 genomic region. Following electroporation of the targeting vector, which had been linearized by digestion with NotI, into mouse D3 ES cells, homologous recombinants were selected using G418 and ganciclovir as described previously [10] . Five ES cell clones carrying the targeted mutation were selected from 840 clones resistant to G418 and ganciclovir and were injected into C57BL/6 mouse blastocysts. The blastocysts were transferred to pseudopregnant foster mothers of ICR mice (Japan SLC, Inc.) to obtain chimeric male mice. The male mice were crossed to ICR females to establish mouse lines heterozygous for the Hyal5 mutation. The homozygous mice were obtained by mating of the heterozygous males and females.
Blot Hybridization
Genomic DNA was prepared from mouse tail, digested by PstI, separated by agarose gel electrophoresis, and transferred onto Hybond-N þ nylon membranes (GE Healthcare). Total cellular RNA was prepared from testicular tissues using Isogen (Nippon Gene) as described previously [11] . The RNA samples were glyoxylated, separated by agarose gel electrophoresis, and transferred onto nylon membranes. The blots were probed by 32 P-labeled DNA fragments and analyzed by a BAS-1800II Bio-Image Analyzer (Fuji Photo Film).
Antibodies
Polyclonal antibodies against HYAL5 [7] , SPAM1 [6] , ADAM1B [12] , ADAM3 [13] , and PRSS21 [14] were prepared as described previously. Antibodies against IZUMO1 [15] , PLCD4 (previously known as Plcd4) [16] , and ZP3R (sp56) [17] were generously provided by Drs. M. Okabe, K. Fukami, and G. L. Gerton, respectively. Monoclonal antibody against ADAM2 (9D2.2) was purchased from Chemicon and anti-CD9 and anti-ZP3 monoclonal antibodies from Santa Cruz Biotechnology. Horseradish peroxidase-conjugated goat antibodies against rabbit, mouse, or rat IgG were purchased from Jackson Immunoresearch Laboratories. Alexa Fluor 488-conjugated goat antibody against rabbit or rat IgG and Alexa Fluor 568-conjugated goat antibody against rat or mouse IgG were purchased from Molecular Probes.
Immunoblot Analysis
Fresh cauda epididymal sperm of mice (age, 3-5 mo) were collected in TYH medium [18] , washed with PBS by centrifugation at 800 3 g for 10 min, and extracted in 20 mM Tris/HCl (pH 7.4) containing 1% Triton X-100, 0.15 M NaCl, and 1% protease inhibitor cocktail (Sigma-Aldrich) on ice for 6 h. The sperm suspension was centrifuged at 13 000 3 g for 10 min, and the supernatant solution was used as ''soluble protein extracts.'' Proteins were denatured by boiling for 5 min in the presence of 1% SDS and 1% 2-mercaptoethanol, separated by SDS-PAGE, and transferred onto Immobilon-P membranes (Millipore). After blocking with 3% skim milk, the blots were incubated with primary antibodies and then with horseradish peroxidase-conjugated secondary antibodies. Immunoreactive proteins were detected by an ECL Western blotting detection kit (GE Healthcare). Protein concentration was determined using a Coomassie protein assay reagent kit (Pierce). ) mice for the targeted mutation of Hyal5. Genomic DNA was digested with PstI, separated by agarose gel electrophoresis, and subjected to Southern blot analysis using a 32 P-labeled XbaI/PstI fragment (DNA probe) as a probe. C) Northern blot analysis of total RNA from Hyal5
, and Hyal5 À/À testes. The blots were probed using 32 P-labeled DNA fragments encoding HYAL5, SPAM1, or GAPDH (glyceraldehyde-3-phosphate dehydrogenase). D) Immunoblot analysis of protein extracts from cauda epididymal sperm. The blots were probed using affinity-purified anti-HYAL5 or anti-SPAM1 antibody. 
Measurement of Enzyme Activity
Hyaluronidase activity was measured by the colorimetric method using Alcian Blue 8 GX (Sigma-Aldrich) as described previously [6] . Briefly, the reaction was conducted in a mixture (0.3 ml) of 50 mM sodium acetate (pH 6.0) containing 50 mM MgCl 2 , 20 lg of rooster comb hyaluronan (Wako), and sperm protein extracts (10 lg). Following incubation at 378C for 30 min, the reaction mixture was mixed with 0.02% Alcian Blue solution (0.3 ml) and centrifuged at 13 000 3 g for 5 min. Absorbance of the supernatant solution at 603 nm was measured using a Shimadzu UV-160 spectrophotometer. A standard curve of hyaluronidase activity was obtained using bovine testicular hyaluronidase (295 U/mg; H3506; Sigma-Aldrich) under the above-described conditions.
Hyaluronan Zymography
Proteins exhibiting hyaluronidase activity were visualized by SDS-PAGE in the presence of 0.01% rooster comb hyaluronan under nonreducing conditions as described previously [6] . After electrophoresis, gels were washed with 50 mM sodium acetate buffer (pH 6.0) containing 0.15 M NaCl and 3% Triton X-100 at room temperature for 2 h to remove SDS and then incubated in the same buffer, but free of Triton X-100, at 378C overnight. The hyaluronanhydrolyzing proteins were detected as transparent bands against a blue background by staining the gels with 0.5% Alcian Blue 8 GX and Coomassie Brilliant Blue R250 (Sigma-Aldrich).
In Vitro Fertilization
Female ICR mice (age, 8-10 wk) were superovulated by intraperitoneal injection of pregnant mare's serum gonadotropin (5 U; Teikoku Zoki Co.) followed by human chorionic gonadotropin (hCG; 5 U; Teikoku Zoki) 48 h later [14] . Metaphase II-arrested oocytes tightly packed with cumulus cells were collected from the oviductal ampulla 14 h after hCG injection and placed in a 90-ll drop of TYH medium covered with mineral oil. Unless otherwise stated, TYH medium contained bovine serum albumin (BSA; 4 mg/ml; A3311-10G; Sigma-Aldrich). Fresh cauda epididymal sperm of mice (age, 3-5 mo) were capacitated by incubation in a 0.2-ml drop of TYH medium for 2 h at 378C under 5% CO 2 in air. An aliquot (10 ll) of the capacitated sperm suspension (1.5 3 10 3 cells/ll) was mixed with the above-mentioned, 90-ll drop of TYH medium containing the oocytes. After incubation at 378C under 5% CO 2 in air, the oocytes were treated with bovine testicular hyaluronidase (350 U/ml; Sigma-Aldrich) for 10 min to remove cumulus cells, washed with TYH medium, incubated in a 0.1-ml drop of KSOM medium [19] , fixed with PBS containing 0.25% glutaraldehyde and 0.5% polyvinylpyrrolidone (PVP), and washed with PBS containing 0.5% PVP. The female and male pronuclei in the oocytes were stained with Hoechst 33342 (2.5 lg/ml) and then viewed under an IX71 fluorescence microscope (Olympus) as described previously [20] .
Cumulus Penetration Assay
Ovulated OCCs containing the oocytes were prepared as described above. Fresh cauda epididymal sperm were incubated in a 0.2-ml drop of TYH medium containing Hoechst 33342 (2.5 lg/ml) or MitoTracker Green FM (2.7 lg/ml; Molecular Probes) for 10 min at 378C and then capacitated by incubation for 2 h in a 0.2-ml drop of TYH medium at 378C under 5% CO 2 in air. An aliquot (10 ll) of the capacitated sperm suspension (0.5-1.5 3 10 3 cells/ ll) was mixed with the OCCs in TYH medium (90 ll), and the mixture was incubated at 378C under 5% CO 2 in air. The OCCs and sperm were transferred to a 0.1-ml drop of fresh TYH medium, fixed by addition of PBS (0.1 ml) containing 8% paraformaldehyde and 1% PVP for 15 min, washed with PBS containing 0.5% PVP, lightly squashed while keeping a space of 80 lm between a glass slide and coverslip, and then observed under an Olympus IX71 fluorescence microscope as described above. In some experiments, the oocyte ZPs in the OCCs were visualized by immunostaining with anti-ZP3 monoclonal antibody and Alexa Fluor 488-conjugated goat antibody against rat IgG.
FIG. 3. Characterization of epididymal sperm from Hyal5
À/À and Spam1 À/À mice. A) Total hyaluronidase activity in sperm protein extracts. Cauda epididymal sperm from wild-type (WT), Hyal5 À/À , and Spam1 À/À mice were extracted with Triton X-100, and the enzyme activity (units/mg protein) was measured using rooster comb hyaluronan as a substrate (n ¼ 4). The differences in the total activities between WT and Hyal5 À/À sperm and between WT and Spam1 À/À sperm are significant (P , 0.02 and P , 0.002, respectively). B) Immunoblot analysis and hyaluronan zymography of sperm protein extracts. The blots were probed using affinity-purified anti-HYAL5 or anti-SPAM1 antibody. C) Immunoblot analysis of sperm protein extracts. The blots were probed using antibodies against eight proteins indicated.
FIG. 4. Delayed fertilization of Spam1
À/À epididymal sperm in vitro. Capacitated cauda epididymal sperm (1.5 3 10 4 cells/10 ll of TYH medium) from wild-type (WT), Hyal5 À/À , and Spam1 À/À mice were added to a 90-ll TYH drop containing the cumulus-intact oocytes, and the mixtures were incubated for 1 or 4 h. The numbers in parentheses indicate those of the oocytes examined (n ¼ 3). The difference in the number of fertilized oocytes 1 h after insemination is significant between WT and Spam1 À/À sperm (P , 0.005).
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Fluorescence images were captured as vertical sections (3-lm intervals) using a Z-axis motor (Mac5000, Ludl Electric Products), processed by a MetaMorph software (Universal Imaging Co.), and then stacked into one picture.
Statistical Analysis
Data are presented as the mean 6 SEM (n ! 3) unless otherwise stated. Student's t-test was used for statistical analysis; significance was assumed for P , 0.05.
RESULTS
To uncover the functional role of HYAL5 in fertilization, we produced mutant mice lacking HYAL5 by homologous recombination in ES cells. A targeting construct was designed to replace the 1756-nucleotide genomic region containing 1139-nucleotide second exon with the neomycin-resistant gene neo (Fig. 1A) . The genotypes of wild-type (Hyal5 þ/þ ), heterozygous (Hyal5 þ/À ), and homozygous (Hyal5 À/À ) mice for the targeted mutation of Hyal5 were identified by Southern blot analysis of genomic DNA (Fig. 1B) . Northern blot analysis indicated the absence of Hyal5 mRNA in the Hyal5 À/À testis (Fig. 1C) . In addition, protein extracts of Hyal5 À/À epididymal sperm completely lacked a 55-kDa protein corresponding to HYAL5 (Fig. 1D ). These data demonstrate the absence of HYAL5 in the Hyal5 À/À testis and sperm. mice were added to a 90-ll TYH drop containing the OCCs. After incubation, the oocyte status was observed microscopically. The OCCs were also incubated in the absence of sperm as a control (''sperm free''). Bar ¼ 300 lm. B) Criterion of the oocyte status. The status was defined as patterns a (Pa) , and Hyal5 À/À mice. The motility of epididymal sperm was also normal in Hyal5 À/À mice ( Fig. 2 and Supplemental Movies 1, 2, and 3; all Supplemental Data are available online at www. biolreprod.org). Importantly, Hyal5
À/À male mice exhibited normal fertility and produced normal litter sizes when mated with Hyal5 þ/À females (9.6 6 1.1 and 9.2 6 0.8 offspring for 11 and 10 litters in Hyal5 þ/À and Hyal5 À/À males, respectively). Thus, we conclude that the loss of HYAL5 has little or no effect on fertility in the mouse. It should be noted that Hyal5 À/À females also exhibit normal fertility (9.3 6 0.8 offspring for 13 litters).
Before functional analysis of epididymal sperm from Hyal5 À/À and Spam1 À/À mice in vitro, we examined whether mouse sperm contain other hyaluronidases besides HYAL5 and SPAM1. Epididymal sperm were extracted with Triton X-100, and total hyaluronidase activities in the protein extracts were measured (Fig. 3A) . The activities in Hyal5 À/À and Spam1 À/À sperm were found to be approximately 80% and 50% of that in the wild-type sperm, respectively. Hyaluronan zymography indicated that two hyaluronan-hydrolyzing proteins with sizes of 55 and 52 kDa are present in the extracts of wild-type sperm (Fig. 3B) . The 55-and 52-kDa hyaluronan-hydrolyzing proteins probably correspond to HYAL5 and SPAM1, respectively, because of the lack in the Hyal5 À/À and Spam1 À/À sperm extracts. These data suggest that mouse epididymal sperm may contain only HYAL5 and SPAM1 as enzymatically active hyaluronidases. However, it is still unclear that the immunoreactive band of HYAL5 is relatively sharp, whereas the 55-kDa hyaluronan-hydrolyzing protein migrates as a broad band.
To ascertain whether the presence of other sperm proteins is affected by the loss of HYAL5 or SPAM1, we carried out immunoblot analysis of protein extracts from epididymal sperm (Fig. 3C) . Six proteins, ADAM3 [21, 22] and ZP3R (sp56) [17, 23] (known as ZP-binding proteins), PRSS21 [14] and PLCD4 [16] (involved in the sperm acrosome reaction), and IZUMO1 [15] and CD9 [24, 25] (responsible for sperm/oocyte fusion), were normally present in Hyal5 À/À and Spam1 À/À sperm. Moreover, the levels of two other transmembrane proteins, ADAM1B [12] and ADAM2 [26] , belonging to the ADAM (a disintegrin and metalloprotease) family, were similar among wild-type, Hyal5 À/À , and Spam1 À/À sperm. Thus, Hyal5 À/À and Spam1 À/À epididymal sperm normally contain these eight proteins involved in the known sperm functions.
We have previously found that Spam1 À/À sperm exhibit a significant delay in fertilizing the metaphase II-arrested, cumulus-intact oocytes in vitro only at the early stages (1 and 2 h) after insemination [6] . In the present study, we verified the delayed fertilization in Spam1 À/À sperm at the 1-h stage after insemination (Fig. 4) . Unlike Spam1 À/À sperm, Hyal5 À/À sperm showed no significant delay in fertilizing the cumulus-intact oocytes 1 and 4 h after insemination. Thus, at least in the mouse, only SPAM1 may play an important role in fertilization in vitro.
To examine whether the loss of HYAL5 or SPAM1 affects the process of successive dispersal of cumulus cells, we monitored the OCCs inseminated by epididymal sperm (Fig.  5A) . The status of the OCCs was categorized into three patterns: patterns a, b, and c (the oocytes are surrounded by approximately 0-33%, 34-67%, and 68-100% of original cumulus cells, respectively) (Fig. 5B) . When the OCCs were incubated in the absence of epididymal sperm, cumulus cells were gradually broken away from the OCCs, presumably because of cumulus matrix loosening [4] (Fig. 5C ). The profile of cumulus cell dispersal was highly similar between wild-type and Hyal5 À/À sperm. These sperm readily dispersed cumulus cells from the OCCs, and the oocytes mostly exhibited the pattern-a status at 4 h after insemination. Consistent with our previous observation [6] , Spam1 À/À sperm showed a remarkably delayed dispersal: Most of the OCCs displayed the pattern-c status up to 2 h after insemination, and approximately 40% of the OCCs still remained the pattern-a status at the 4-h stage. Moreover, the cumulus cell dispersal in the wild-type, Hyal5 À/À , and Spam1 À/À sperm was strongly inhibited by hyaluronidase inhibitor apigenin (Supplemental Fig. S1 ). These data demonstrate that the ability of Hyal5 À/À sperm to disperse cumulus cells from the OCC is comparable to that of wild-type sperm and suggest that fertilizing sperm may utilize SPAM1 to disperse cumulus cells from the OCC more efficiently than HYAL5.
The cumulus matrix is thought to be loosened and broken by both hydrolytic enzymes and motility of cumulus-penetrating sperm [1, 4] . Thus, the delays in cumulus cell dispersal and , and Spam1 À/À sperm, respectively (n ¼ 4). Bright-field and fluorescence images were acquired, processed by a MetaMorph software, and then merged into one picture. The difference in the numbers of sperm in the cumulus matrix or on the ZP surface is significant between WT or Hyal5 À/À and Spam1 À/À sperm (P , 0.0001). Bar ¼ 100 lm.
ROLES OF HYAL5 AND SPAM1 IN FERTILIZATION
943 fertilization in Spam1 À/À sperm (Figs. 4 and 5) may be attributed to a diminished capacity to penetrate the cumulus matrix, because the motility of the mutant sperm is normal ( Fig. 2 and Supplemental Movies 1, 2, and 3) . To examine this possibility, epididymal sperm were labeled with Hoechst 33342, capacitated, and incubated with the OCCs under experimental conditions using 150 sperm/ll. Sperm within the cumulus matrix and on the oocyte ZP were counted 20 min after insemination (Fig. 6) . Wild-type and Hyal5 À/À sperm readily passed through the cumulus matrix and reached the ZP surface. No significant difference in sperm numbers was found between the wild-type and Hyal5 À/À mice. Importantly, Spam1
À/À sperm were present in the cumulus matrix at a low rate, and only a small number of Spam1 À/À sperm reached the ZP. Thus, the diminished ability of Spam1 À/À sperm to traverse through the cumulus matrix to reach the ZP may be implicated in the delayed fertilization in vitro [6] .
We next carried out a competition assay using an equally mixed cell population of Hyal5 À/À and Spam1 À/À sperm to ascertain whether Spam1 À/À sperm are functionally inferior to Hyal5 À/À sperm in penetration of the cumulus matrix ( Fig. 7  and Supplemental Fig. S2) sperm (e-h and m-p) was incubated with the OCCs for 15 min at a concentration of 100 sperm/ll. The images of a-d, e-h, i-l, and m-p were obtained using different sets of labeled sperm. Sperm within the cumulus matrix (CM) between large and small circles and on the oocyte ZP (ZP surface; inside of small circles) were observed under a microscope (A) and counted (B and C). We also counted the sperm associated with some cumulus cells that were detached from the cumulus mass and loosely connected to the outer edge of the mass (outside of large circles), assuming that these sperm were present on the OCC surface. Data are indicated as the relative ratios of Hyal5 À/À or Spam1 À/À sperm present on OCC surface, in CM, or on ZP surface per total Hyal5 À/À and Spam1 cumulus matrix and on the ZP surface were counted after fixation as described above (Fig. 6 ). We also counted the sperm that were present together with some cumulus cells detached from the cumulus mass and loosely connected to the outer edge of the mass (we assumed that these sperm were present near and on the ''OCC surface''). Hoechst-labeled Hyal5 À/À sperm were faster to reach the ZP than MitoTracker-labeled Spam1 À/À sperm (Fig. 7, A and B) . Spam1 À/À sperm were more abundantly present in the cumulus matrix than on the ZP. Unexpectedly, a large number of Spam1 À/À sperm accumulated on the OCC surface. When Hyal5 À/À and Spam1 À/À sperm were labeled with MitoTracker and Hoechst, respectively, similar results were obtained (Fig. 7C) . Regardless of the sperm numbers inseminated, Spam1 À/À sperm represented both the decreased accessibility to the ZP surface and the increased accumulation on the OCC surface (Supplemental Fig. S2 ). Moreover, direct observation of the OCCs inseminated by Spam1 À/À sperm showed the abundance of the mutant sperm on the OCC surface (Fig. 8) . These results suggest that Spam1 À/À sperm may be defective regarding entry into the cumulus, in addition to penetration through the cumulus matrix.
DISCUSSION
The present paper describes the functional roles of two mouse hyaluronidases, HYAL5 and SPAM1, GPI-anchored on the sperm membranes. Contrary to the previous expectation [5] [6] [7] , HYAL5 is not essential for the fertilization process, including sperm penetration of the cumulus matrix (Figs. 4  and 5 ). Comparative studies of Hyal5 À/À and Spam1
epididymal sperm demonstrate that SPAM1, rather than HYAL5, plays an important role in sperm penetration of the cumulus matrix to reach the ZP surface (Figs. 6-8 ), although these two hyaluronidases are capable of dispersing cumulus cells from the OCCs (Fig. 5) . Notably, SPAM1 is likely involved in the entry of sperm into the OCC (Figs. 7 and 8 ).
These data may explain the reason why Spam1 À/À sperm show the delayed fertilization at the early stages after insemination in vitro [6] .
The cumulus is known to affect fertilization beneficially, because the fertilization rate is extremely reduced by removal of cumulus cells [1] . The cumulus matrix is also believed to participate in stimulating sperm motility and/or in promoting the acrosome reaction, in addition to the control of sperm access to the oocyte ZP [1, 4] . Despite the importance of the cumulus matrix in fertilization, the molecular mechanism of sperm entry into the cumulus and subsequent penetration remains unclear. Previously, we have demonstrated that in the mouse, HYAL5 is localized on the plasma and acrosomal membranes of acrosome-intact sperm and is mostly released from the sperm membranes during the acrosome reaction [7] . On the other hand, SPAM1 is present only on the plasma membrane, and acrosome-reacted sperm still retain approximately half of SPAM1 [6] . On the basis of the subcellular distribution, we speculated that HYAL5 and SPAM1 are both involved in sperm penetration through the cumulus matrix, and acrosomal HYAL5 released by the acrosome reaction plays a particular role in the local hyaluronan hydrolysis near or on the ZP surface to enable the proximal region of sperm tail to move freely [7] . It was also postulated by others [27] that SPAM1 acts on the secondary sperm-ZP binding of acrosome-reacted sperm. However, these two possibilities appear to be inconsistent with our data concerning Hyal5 À/À and Spam1 À/À sperm. Instead, the present study highlights that only SPAM1 participates in sperm entry into the OCC and sperm penetration through the cumulus matrix (Figs. 6-8 ). Our finding is consistent with a previous study by Lin et al. [28] indicating that acrosome-intact mouse sperm incubated with anti-SPAM1 antibody are incapable of passing through the cumulus matrix. Despite a low rate, Spam1 À/À sperm still have the ability to reach the oocyte ZP in vitro (Figs. 6-8 ). Because the motility of capacitated Spam1 À/À sperm is normal ( Fig. 2 and Supplemental Movies 1, 2, and 3), the decreased accessibility of the mutant sperm to the ZP surface is unlikely to be caused by the sperm motility. If the sperm hyaluronidase activity is essential for cumulus penetration, the loss of SPAM1 in Spam1 À/À sperm may be partially compensated for by HYAL5. Indeed, the level of HYAL5 is normal on Spam1 À/À sperm (Fig. 3) . Even so, it is conceivable that SPAM1 is predominantly involved in sperm penetration through the cumulus matrix. Another possibility is that mouse sperm contain one or more unknown hyaluronidases that function in fertilization. In this case, HYAL5 is assumed to be dispensable, and the unknown enzyme(s) may compensate in part for the SPAM1 function. Miller et al. [29] reported that mouse sperm contain an enzymatically active hyaluronidase, HYAL6 (HYALP1), with the size of 55-56 kDa (testicular form, 24 kDa), and proposed that HYAL6 compensates for SPAM1 in 
Spam1
À/À sperm. However, when each of Spam1, Hyal5, and Hyal6 cRNAs is translated in Xenopus oocytes, the hyaluronan-degrading activity is found in the recombinant SPAM1 and HYAL5 but not in the recombinant HYAL6 [30] . Consistent with this, the present study reveals the absence of active hyaluronidase(s) besides HYAL5 and SPAM1 (Fig. 3) . Moreover, as far as we have examined using anti-HYAL6 antibody, no immunoreactive protein is found in sperm protein extracts [6, 7] . Thus, generation of HYAL5/SPAM1 doubleknockout mice is needed to evaluate whether sperm hyaluronidase is essential for the cumulus passage and whether enzymatically active HYAL6 or some other hyaluronidase is present on the sperm surface.
Our data suggest that SPAM1 is presumably involved in sperm entry into the OCC (Figs. 7 and 8 and Supplemental Fig.  S2 ). The components of the cumulus, including cumulus cells, are well characterized biochemically; however, the cumulus surface (outer edge) has not yet been examined critically. According to a currently favored model, only capacitated, acrosome-intact sperm enter into the OCC, traverse the cumulus matrix, and reach the oocyte ZP, because the acrosome reaction is believed to occur on the surface of ZP following sperm-ZP binding [4] . Indeed, uncapacitated or acrosome-reacted sperm are reported to remain bound to the OCC surface without penetrating the cumulus matrix [1] . To ascertain whether an increased accumulation of Spam1 À/À sperm on the OCC surface (Figs. 7 and 8 and Supplemental Fig. S2 ) results from an elevation of acrosome-reacted sperm, we carried out immunostaining of sperm using anti-IZUMO1 antibody capable of recognizing the whole head region of completely acrosome-reacted sperm [15] (Supplemental Fig.  S3 ). Both acrosome-intact and acrosome-reacted sperm of the wild-type and Spam1 À/À mice were detectable on the OCC surface. However, Spam1 À/À sperm on the OCC surface were mostly acrosome-intact, thus supporting the idea that the increased accumulation of Spam1 À/À sperm cannot be attributed to the abundance of acrosome-reacted sperm. We also examined the entry of wild-type sperm into the OCC in the presence of 1 mM p-aminobenzamidine, a competitive inhibitor of serine proteases [31] (Supplemental Fig. S4) . Surprisingly, a small number of wild-type sperm was detectable both on the OCC surface and in the cumulus matrix, and no sperm reached the ZP surface. These data emphasize that SPAM1 is required for an initial step in sperm entry into the OCC. Moreover, p-aminobenzamidine-sensitive sperm proteases, including ACR [32] and PRSS21 [14, 33] , may participate in the sperm entry step, possibly in addition to sperm penetration of the cumulus matrix. Indeed, cumulus matrix proteins, such as integrin and fibronectin, function as a barrier to sperm hyaluronidase [34] . At any rate, the mechanisms underlying sperm entry to the OCC and sperm passage through the cumulus matrix are more complicated than previously thought.
